Purpose: This study analyzed the effect of different sintering times on the marginal adaptation of zirconia ceramic copings. Materials and Methods: Thirty copings of pre-sintered 3Y-TZP blanks were milled and subsequently sintered in a special furnace for three different durations (n = 10 per group). The sintering time was 1 hour, 15 minutes for IPS e.max ZirCAD, 4 hours 20 minutes for Speed ZrO 2, and 7 hours 20 minutes for the conventional ZrO 2 group. The marginal gaps of specimens were measured at 18 spots on the master die by employing a digital microscope. One-way ANOVA test compared the mean differences among the 3 groups (α = 0.05).
In recent decades, the copings and frameworks of fixed restorations have largely benefited from zirconium dioxide ceramics' remarkable mechanical features, such as great flexural strength (>1 GPa) and fracture toughness (KIC = 9 to 10 MN/m 3 /2). 1, 2 Zirconia frameworks are mainly composed of yttria-stabilized tetragonal zirconia polycrystal ceramics (Y-TZP). Yttrium oxide (Y 2 O 3 ) ceramic exists solely at 2% to 3% mol. A valuable feature of Y-TZP ceramic is its "transformation toughening" effect. [3] [4] [5] Since the late 1990s, various dental computer-aided design/computer-aided manufacturing (CAD/CAM) procedures have been introduced to help create Y-TZP zirconiabased fixed restorations. Milling of zirconia blocks is classified into the three stages of green, pre-sintered stage, and fully sintered. [6] [7] [8] The frameworks obtained from the green and presintered zirconia blocks are milled in bigger proportions to counteract any potential material shrinkage (20% to 25%) that follows the final sintering stage. 8, 9 The quicker milling of these ZrO 2 blocks causes the wear of the hardware to be lower than that in blocks milled in the fully sintered stage. Actually, postmilling dimensional changes like shrinkage do not occur in fully sintered zirconia; however, its process is quite different and time-consuming due to its high hardness. 9, 10 Hence, green-stage ZrO 2 should be expedient. The desired restoration in form of long-lasting tough yttrium partially stabilized tetragonal zirconia polycrystal is achieved through sintering the green stage monoclinic zirconia in a special sintering furnace. The sintering temperature commonly ranges from 1400 to 1600°C depending on the manufacturer. The sintering temperature and duration alters the grain size of the material (i.e., the higher the sintering temperature and the longer the sintering time, the larger the grain size). [11] [12] [13] Adopting the appropriate sintering temperature and time plan is quite important, since the grain size affects the mechanical properties of zirconia material.
14 Zirconia materials of >1-μm grain size are less stable, with a higher transformation rate of tetragonal to monoclinic phase (t-m). 15, 16 On the other hand, transformation is not promising for <0.2-μm grains, since it results in lower fracture toughness. 17 Several studies have provided evidence that reducing the size of zirconia grains is more effectively possible through short-time sintering. 18, 19 This method offers several advantages over the conventional method. These advantages include improved productivity, as well saving time and energy. Inhibition of the t-m transformation impedes the lowtemperature degradation and improves the mechanical features, which are obtained as a result of smaller average grain size. 20, 21 Sintering time impacts some mechanical properties of zirconia ceramics. 22, 23 Sivakumar et al 22 investigated how the mechanical characteristics of 3Y-TZP were influenced by shorttime sintering (1, 30 , and 60 minutes compared with the conventional 2 hours). They found that 1 minute of sintering at 1400°C yielded higher relative density (>95% of the theoretical density) and relatively high Young's modulus (>180 GPa) without compromising the tetragonal phase stability and mechanical properties. Another study showed that increasing the sintering time from 1.6 to 3 hours did not influence the microhardness and biaxial flexural strength of Y-TZP zirconia. 23 Among the most determining clinical features in dental restoration success is the marginal fit. Meanwhile, the marginal fit of full crown restorations is affected by various factors such as the design of the finish line, 24 the methods and materials used for fabrication of the restoration, [25] [26] [27] and the number of firing cycles for the veneering process. 26 An ill-fitting restoration with marginal deficiencies may lead to tooth sensitivity, plaque, caries, and gingival inflammation. 28, 29 Moreover, changes in the fit would lead to stress concentrations that subsequently reduce the strength of restorations, and therefore, their fracture. 30 Evidence is limited about the efficacy of short-time sintering on the marginal fit of zirconia copings; thus, this study aimed to investigate the effect of three different sintering times on the marginal fit of zirconia copings. The null hypothesis supposes absence of any difference in marginal discrepancy among the restorations fabricated with different sintering durations.
Materials and methods
To evaluate the marginal gap of copings, a brass die model (7 mm high, 1 mm wide, 6°occlusal convergence angle, 90°s houlder finish line) was designed. It was prepared in a lathe (CNC350; Arix Co, Tainan City, Taiwan). To ensure a reproducible seating of the copings on the die, the axial surface was combined with an anti-rotational design. Using a high-speed handpiece and a diamond needle bur, the vertical marginal gap was measured at 20°intervals based on 18 marks pointed on a groove, located 3 mm below the margin. The sample size and the number of measurements performed on the die were chosen based on comparable studies published in the field. [30] [31] [32] The die was then embedded in individual acrylic blocks, and a dental surveyor (Ney Dental Surveyor; Dentsply, York, PA) was used to ensure its long axis to be vertical to the horizontal plane. A metallic die was employed as a definitive die to avoid any probable variation in impression and pouring stages.
To achieve a scannable surface, the die was digitized by spraying scan spray, and was then scanned by using a 3D laser scanner (3ShapeD810; 3Shape, Copenhagen, Denmark). The produced data were converted into CAD data (3ShapeCAD Design software; 3Shape). Concerning the sintering shrinkage, all machined products were 20% larger than the actual die. The employed CAD/CAM system allowed separate consideration of the cement space at the margin and the axial and occlusal surfaces when planning the coping design. No cement space was considered for the margin, but the space for the axial and occlusal surface of the abutment was set to be 30 μm. The thickness of the copings was fixed at 0.5 mm. The design data were converted into useful forms and sent to the processing machine. Finally, 30 copings were milled from the pre-sintered 3Y-TZP blanks (Ivoclar Vivadent, Schaan, Liechtenstein) in a milling machine (inLab MC XL; Sirona, Bensheim, Germany). They were divided into three groups (n = 10) according to the sintering time ( Table 1 ). The number of specimens in each group was determined based on marginal fit investigations. 25, 26, 33 A special furnace (Programat S1; Ivoclar Vivadent) was then used to sinter the zirconia copings. The copings were examined for any imperfection, and rejected in case of any deformation. Each zirconia coping was seated over the die and mounted on a special cone-shaped holding instrument, which solely allowed single-position-only placement for the copings (Fig 1) .
Then, all specimens were loaded with a uniform force of 15 N to ensure the copings were firmly seated. Next, a digital microscope (AM413FIT Dino-Lite Pro; AnMo Electronics Corp., New Taipei City, Taiwan) was used to take images of the 18 previously marked points. The images were analyzed using image-analyzing software (DinoCapture 2.0; AnMo Electronics Corp.) at 230× magnification. To assess the vertical marginal gap, the perpendicular line was measured from the internal surface of the restoration margin to the outermost edge of the preparation finish line (Fig 2) . Statistical analysis was performed using SPSS software (SPSS 14.0; SPSS, Inc., Chicago, IL). The mean values and standard deviations were calculated for each group. One-way ANOVA was used to evaluate the impact of sintering time on the marginal misfit. The level of significance was set at 0.05. Table 2 shows the mean and standard deviations of the marginal gap values for the test groups. The mean marginal gap was 41.06 ± 14.03 μm in the IPS e.max ZirCAD group, 43.03 ± 11.67 μm in the Speed ZrO 2 group, and 39.88 ± 15.23 μm in the conventional ZrO 2 group. ANOVA showed no significant difference in the mean marginal gaps among the three groups (df = 2, F = 1.28, p = 0.27).
Results

Discussion
This in vitro study was conducted to investigate how different sintering times may affect the marginal adaptation of 3Y-TZP copings. The current study detected no statistically significant difference among the test groups regarding the marginal gap (p = 0.27). The obtained results supported the null hypothesis, declaring that any differences in marginal discrepancy among the restorations fabricated in various sintering times were statistically insignificant.
Most often, the milling of ZrO 2 cases is performed in one day, sintering is done overnight, and the final processing is left to the next day; however, the short-time sintering process embraces new prospects since a restoration can be milled, sintered, and veneered in only a day. 34 The quick sintering of dental ZrO 2 ceramics is primarily possible because of the thermal treatment conducted to obtain the "white" state. The process helps the initial stage of sintering to be reached or even partially completed during which the necks form and grow to some extent. [35] [36] [37] Moreover, a burnout process totally evacuates the volatile organic binders. Such an evacuation prior to sintering rules out any blemishes in the nonsolidified porous structure. Consequently, the temperature can rapidly rise until reaching the low temperature threshold. Yet, it does not apply to all dental ZrO 2 materials. 10, 12, 38 The rapidity of a sintering process mainly depends on the inherent thermophysical properties of the material, such as thermal conductivity, heat capacity, and bulkiness of the components. It is also influenced by the mass distribution and its thermal pretreatment, as well as the degree of homogeneity of the porous medium, particularly the local density difference and pore distribution. In fact, when heated up, the same sintering status is more easily obtained throughout the whole component of more homogenous materials. This may also help minimize the distortion during sintering. 10, [39] [40] [41] [42] Thus, the holding time was reduced to 75 minutes and adjusted to the requirements of IPS e.max ZirCAD. Sintering can also be performed as suggested by the manufacturer on items of similar raw material and structural classification like IPS e.max ZirCAD (3Y-TZP-A), which is available in pre-sintered stage (pre-sintering temperature of >1000°C, no green compacts).
Among the factors influencing the final grain size, the sintering temperature and time directly impact the microstructure and properties of zirconia. 43 The extent of this effect has attracted great interest in the field of dental research, especially after the introduction of short sintering cycles by manufacturers. Changes in the sintering time and temperature have been declared to affect the grain size, translucency, and biaxial flexural strength of zirconia ceramics; however, the effect of these changes has not been established on zirconia characteristics. 44, 45 Hjerppe et al 23 found that the grain size was smaller in a shorter sintering time, but no difference was observed in the static biaxial flexural strength of zirconia; however, Ersoy et al 46 detected that simultaneous use of high temperature and short time in sintering improved the flexural strength of zirconia and promoted a fine structure and densification. Analyzing the crystal structure revealed that the grains of all subgroups were in a typical tetragonal phase. All specimens were fully sintered to the tetragonal phase and had no back-transformation to the monoclinic phase. Tekeli and Erdogan 47 reported that a high sintering temperature and an extended dwell time increased the grain size, and accordingly, the number of micropores, which subsequently reduced the mechanical properties of the final material. Kim et al 44 detected that at high temperatures, the zirconia grain size was strongly proportionally dependent on the sintering time. They also noted the presence of an inverse relationship between the grain size and the light transmission value of ultimate zirconia product.
In this study, no correlation was observed between the sintering condition and the mechanical properties of ZrO 2 copings. The marginal fit in the study groups had similar values, which might be attributed to the stability and strength of the zirconia specimens sintered in three different conditions. Sivakumar et al 22 showed that reducing the sintering time of zirconia ceramics did not significantly change the Young's Modulus. It did not alter either the tetragonal phase stability or the mechanical properties. The shrinkage process is determined by numerous factors, such as the material itself, the compaction density, density distribution, and parameters of the sintering process. Being known as a central characteristic in a blank, density distribution determines the local shrinkage, and therefore the dimensional accuracy after final sintering. 48, 49 Kim et al 44 evaluated the effects of sintering conditions on the grain size and translucency of dental zirconia. The specimens were fabricated by using microwave and conventional sintering methods. In their study, the density of all specimens ranged from 6.06 to 6.07 g/cm 3 , while the notional full density of the TZP material was considered to be 6.10 g/cm 3 . They reported no statistically significant difference among the specimens. Conforming to Kim et al, 44 the similarity of marginal gaps in the current study groups might be attributed to the similar shrinkage homogeneity and dimensional accuracy. Further studies on the relative effects of short sintering time on density and homogeneity of ZrO 2 should be conducted.
In this study, a single brass die was employed to standardize the preparation and impede any chance of wear and fracture of the abutment during the fabricating and measuring process. Moreover, measurements were conducted on this single die. In this study, the copings were not cemented for measuring the marginal gap to prevent the variety of cementation procedure for each coping concerning the applied force and the mixture viscosity. 50 Several investigations have provided evidence supporting a significant increase in marginal fit due to cementation. 51 These results, however, varied depending on the luting agent used. 30 Large variations exist regarding the acceptable marginal gap values of coping in the literature. Christensen 52 indicated 34 to 119 μm and 2 to 15 μm as the accepted ranges for subgingival and supragingival margins, respectively. On the other hand, McLean and von Fraunhofer 53 examined more than 1000 restorations within 5 years and concluded that marginal gaps ࣘ120 μm were clinically acceptable. These marginal discrepancies would be acceptable for CAD/CAM crowns if they ranged between 50 and 100 μm. 54 The mean marginal discrepancy in this study was declared to be 41.06, 43.03, and 39.88 μm for groups 1 to 3, respectively. With respect to the above-mentioned findings, the marginal gap values in this study groups lie within the clinically acceptable range.
Some limitations were involved with the current study. The specimens were produced and examined under ideal conditions, which may not reflect actual clinical conditions. Further, there was no artificial aging test combined to simulate the oral condition. Moreover, the crowns were not cemented at the time of the measurements; therefore, the changes in the width of marginal gap due to the cementation procedure were not considered.
Conclusions
Under the conditions of this in vitro investigation, the following conclusions can be drawn:
1. A short sintering time had no effect on the marginal gap of the 3Y-TZP coping. 2. There was no statistically significant difference in the marginal fit of zirconia copings among the study groups. 3. The noted marginal discrepancies were all clinically acceptable.
